assessment science at Harvard University, points out the "dirty secret" of outdoor air pollution. "When we account for the time we spend in buildings, a simple calculation shows that the majority of our exposure to outdoor air pollution can actually occur indoors," he explains. The extent of penetration depends on building construction, ventilation rates, local meteorology, and the pollutant itself. Another factor is whether outdoor temperatures call for open windows.
Indoor sources also generate a mix of pollutants. For instance, PM is generated by cooking and home heating. Common indoor allergens include molds and the feces, saliva, and body parts of dust mites and cockroaches. And VOCs, which evaporate at low temperatures, are emitted by building materials, paints and protective coatings, adhesives in carpets and furniture, cleaning agents, and other products.
Air pollution travels the other way, too. Researchers recently estimated that, with declines in outdoor sources of some pollutants, VOCs from indoor uses of chemical products now make up a larger proportion of outdoor organic air pollution than they used to in urban areas. 7 That discovery was a game changer for the relative importance of VOCs, according to Allen. "We should not be thinking of them only as an indoor concern," he says. "In addition to the dirty secret of outdoor air pollution, we now have a dirty secret of indoor air pollution, too."
According to the 2018 State of Global Air report, 8 an estimated 95% of the world's population breathes unhealthy ambient air, with annual fine PM ðPM 2:5 Þ concentrations above the World Health Organization standard of 10 lg=m 3 . The report found the combination of outdoor PM 2:5 , household air pollution, and ozone to be the fourth-leading human health risk factor globally. These three pollutants account for an estimated 11.2% of deaths in the world.
The ubiquity of polluted air has motivated researchers from many different fields to study not only its effects on mortality and morbidity, but also its more subtle effects on the healthy brain.
Short-Term Effects of Air Pollutants on the Brain
When Columbia's Matthew Neidell, a professor of health policy and management, began to study air pollution and human productivity, he started with people who work primarily outdoors (fruit pickers in California 9 ). He then followed with studies of indoor workers in the manufacturing industry (pear packers in California 10 ) and white-collar office workers in the service sector (call center employees in China 11 ). Neidell's team saw consistent evidence that higher levels of outdoor air pollution was associated with decreased worker output. But they also saw an association in call center employees. "We found that they were completing fewer calls and taking more breaks on days with high air pollution," Neidell says. He speculates that workers perhaps "just felt a little bit off without really knowing why and stepped away from their desk to go to the bathroom or the water cooler more often."
This may sound small, but the potential economic impact can be substantial. For example, in 2014, the U.S. EPA's Air Quality Government regulation and emission reduction technology for vehicles and factories have decreased emissions from certain point sources of outdoor air pollution. VOCs that escape from indoor uses of chemical products now make up a greater share of outdoor organic air pollution in urban areas. 7 Image: © iStockphoto/cgering. Index in Los Angeles County exceeded 150 (a score considered "unhealthy for the general population") on 28 days. 12 If the estimated association between air quality and productivity in Chinese call workers applied to all workers in service industry jobs in Los Angeles County, the authors projected that reducing air pollution to index values below 150 would generate an increase in the sector's productivity of more than $370 million.
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To explore whether PM 2:5 might influence cognitive functions, Neidell and his team turned to the New York Stock Exchange. 13 Analyzing 10 years of S&P 500 returns as a proxy for the job performance of stockbrokers, they found that higher ambient PM 2:5 levels in New York City were associated with reduced stock trading returns. No such association was found between the stock market and air quality in any of 43 other major U.S. cities.
To interpret this finding, Neidell points to studies suggesting that lower cognitive ability may lead to more risk-averse behavior.
14,15 "For stockbrokers, that might mean their decisions shift toward less risky investments," he speculates.
A widely used proxy for market risk aversion, 16, 17 known as the "fear index," was also correlated with New York's PM 2:5 levels in Neidell's study, supporting his hypothesis. The relationship with the S&P 500 was surprisingly strong; for example, an increase in particle pollution of one standard deviation was associated with an 11.9% reduction in same-day returns.
The findings have wide-ranging implications because "stock price variations send investment signals across the whole of the U.S. and international economy," the authors wrote. 13 A similar association was reported for more than 100,000 investors at a German brokerage firm.
18
To follow up on these intriguing results, Neidell is now doing a campus-based study. He is testing whether the decision-making ability of Columbia University students varies with outdoor PM 2:5 levels, as measured at the building where the students are assessed.
This approach is moving in the direction of a recent study 19 of indoor air pollutants led by Allen. Similar in spirit to an experimental study of traffic pollution in 1970, 20 it randomly assigned different pollutant and ventilation levels to participants in an office, then asked them to complete a cognition test at the end of the day. The participants and the analysts who scored their tests were blinded to exposure status, and each person was his or her own control.
Test scores were significantly higher in room conditions with lower VOC levels. The researchers reported similar results for relatively low levels of carbon dioxide ðCO 2 Þ, a marker of ventilation long thought to be benign at typical indoor concentrations. A later study by Allen's team found that airline pilots performed better during advanced maneuvers (like flying with only one engine in a flight simulator) when exposed to lower amounts of CO 2 , compared with higher exposures. 21 This finding further supports the role of CO 2 as a potential indoor pollutant. 22 In the original study of office workers, 19 test scores in low-VOC/low-CO 2 rooms were even higher with increased ventilation rates. Allen's team estimated the cost of increasing building ventilation standards from the current 20 cubic feet per minute per person (cfm/p) to 40 cfm/p across a range of U.S. climate zones. The researchers projected that the additional annual energy costs would be at most $40 per person, but that companies would gain $6,500 per employee from greater productivity. 23 Evidence points to the subtle impact that air pollution may have on employee productivity. One team reported an association between higher ambient PM 2:5 levels and reduced stock trading returns, perhaps due to greater risk aversion. Image: © iStockphoto/kasto80. "Clearly, the [estimated] benefits of improved health and human productivity vastly overwhelm the costs," Allen says. "For too long, the focus has been on energy efficiency, and health has been left out of the equation. But the two concepts really are not a mutually exclusive proposition."
Other studies, mostly of outdoor pollutants, are consistent with Allen's reports that short-term exposures may impair healthy brain function-not only that of working-age adults in office buildings and airplanes, but also of schoolchildren.
For example, researchers led by Jordi Sunyer, a professor of preventive medicine and public health at Pompeu Fabra University in Barcelona, Spain, found that increases in daily ambient levels of traffic-related air pollution were associated with reduced attention spans of primary schoolchildren. 24 In Israel, higher daily PM 2:5 levels were associated with reduced performance by high school students on the high-stakes Bagrut exam, which impacts college admission. 3 Higher exam-day PM 2:5 levels also were associated with fewer years of postsecondary education and reduced monthly earnings, based on follow-up at 28-30 years of age. 
Long-Term Effects of Air Pollutants on the Brain
Other studies have investigated the effect of chronic fetal and childhood exposures. Frederica Perera's group at Columbia University conducted pioneering work in this area, demonstrating that prenatal exposure to airborne polycyclic aromatic hydrocarbons was associated with cognitive developmental delay at 3 years of age. 25 Other studies have associated prolonged exposure to air pollutants in utero or during childhood with reduced academic performance, 26 ,27,28 a greater risk of autism spectrum disorder, 29, 30 and lower adult earnings. 31 For older adults, most studies of longterm exposure have found associations with cognitive decline and neurodegenerative diseases. 2, 32 Spanning a wide range of ages, a recent panel study in China caught the attention of scientists and mainstream media outlets alike. In a nationally representative sample of more than 25,000 children and adults in 162 counties, a higher air pollution index was associated with reduced cognitive function, with stronger impacts estimated for long-term (up to 3 years) than short-term (1-to 7-day) exposures. 33 The researchers correlated math and verbal scores from two county-level test waves (in 2010 and 2014) with data from 402 air quality monitoring stations in Chinese cities. Overall, the pollutant levels were higher than in the United States and Europe but comparable to other parts of the developing world.
In the United States, a study of this scale-a large sample size with a wide range of ages and highly variable exposures, but the same cognitive assessment-will not be possible anytime soon, says Jiu-Chiuan Chen, an associate professor of preventive medicine at the University of Southern California. But the Chinese findings of a stronger association in older and less educated men could be echoed in U.S. populations, despite lower levels of air pollution in American cities.
Studies have shown negative associations between air pollution levels and test performance. Poor performance on high-stakes tests and entrance exams can have long-term implications for a student's earning potential.
3 Image: © Hero Images.
"We've seen similar evidence for sexual dimorphism and socioeconomic disparities in neurotoxicity in our own study," says Chen. "Higher PM 2:5 exposure in Southern California 28 was associated with reduced intelligence in adolescents and young adults, with a stronger [association] in males and families of lower socioeconomic status."
In their study, the authors measured IQ scores with the Wechsler Abbreviated Scale of Intelligence. 28 The potential effect modification by sex or social class is a newer finding, but Chen points out that the Chinese study is a compelling corroboration of research that Lilian Calderón-Garcidueñas conducted in a highly polluted environment more than 15 years ago. Now at the University of Montana in Missoula, she was the first scientist to link air pollution and neurodegeneration in the early 2000s, starting with the brains of dogs in Mexico City 34 and followed by studies of children 35 and adults 36 that continue to this day.
Biological Mechanisms: The Neurotoxicity of Urban Air Pollution
The pioneering work of Calderón-Garcidueñas inspired Michelle Block's interest in the mechanisms by which air pollutants damage the brain. Back in 2002, Block's postdoctoral advisor warned her that this topic would be "much dirtier" than studying a single metal or herbicide. This, in a nutshell, described the greater challenge of determining which specific component of urban air pollution harms which cell type, as both PM 2:5 and VOCs are highly complex mixtures of many different chemicals. However, the warning did not deter Block, who is now an associate professor of anatomy and cell biology at Indiana University. Yet many years later, she says, we still do not know exactly what gets into the brain and through which biological pathway.
Some neurotoxicologists are pursuing the hypothesis of a direct translocation pathway. Ultrafine particles may reach the brain through the olfactory bulb or by crossing the blood-brain barrier 37, 38, 39 and proceed to harm some of its highly specialized cells: about 100 billion neurons and a few trillion glial support cells, including oligodendrocytes, astrocytes, and microglia.
Block, however, puts her money on the indirect route. 40, 41 "My lab studies how peripheral pulmonary damage impacts the brain through circulating serum factors that communicate a biological effect to the brain," she explains. "We call this the lungbrain axis." Whether it is the direct or indirect route, at least some of the damage appears to be mediated by microglia, the brain's resident immune cells. Both in vivo and in vitro studies suggest that air pollutants activate these cells and trigger inflammatory processes. 42 In rats exposed to diesel exhaust, Block found the greatest response occurred in the brain regions with the highest microglial density. 40 Consistent with this observation, a recent study 43 implicated microglia in obesity-associated cognitive decline in mice.
"We've learned a great deal about the diverse roles of microglia and how they interact with the peripheral immune system," says Block. "Since we know that they support normal learning and memory, I find it plausible that air pollution may impact the cognitive ability of healthy brains through its effect on microglia, but it hasn't been proven yet."
As the brain's "Pac-Men," 44 part of the everyday role of microglia is pruning synapses that are no longer needed. Synapses are the physical structures that neurons use to communicate with each other. With long-term exposure to air pollutants, Block thinks that peripheral signals could somehow reprogram microglia to drive chronic inflammation and oxidative stress. This may lead to a sustained impact on brain development and function, explaining how air pollutants may increase the risk of neurodevelopmental and neurodegenerative diseases.
Block emphasizes that these are working hypotheses that have yet to be thoroughly tested in experimental models. Lucio Costa, a professor of environmental and occupational health sciences at the University of Washington, agrees with that assessment.
"Compared to metals and pesticides, studying the neurotoxic effects of air pollutants is a very young science," Costa says. "I believe microglia play a central role and are the link between neurodevelopmental and neurodegenerative diseases, but there's still much work to do to flesh out the mechanistic details that cause brain damage, and how peripheral inflammation contributes to it."
Costa and Block have some ideas about where future studies might go. They both believe that brain images from large cohorts with long-term environmental exposure and cognitive test data 45, 46, 47, 48 provide valuable guidance for experimental work. They also think that serum samples can help in evaluating the role of peripheral damage.
What Is Next?
Thus far, most human studies have applied atmospheric models to data from U.S. EPA monitors to estimate personal pollutant exposures at locations of interest. Now that technology has reduced the price of some personal monitors to a few hundred dollars, researchers are now beginning to use these monitors to improve the precision of their exposure estimates.
"For PM 2:5 , some of the consumer-grade devices on the market are showing pretty good agreement with the more expensive laboratory instruments," says Kirsten Koehler, an associate professor of environmental health and engineering at The Johns Hopkins University. "But VOCs are even more heterogeneous and much trickier to measure [than PM 2:5 ] , and ultrafine particles are still very challenging, too."
In one of Koehler's ongoing projects, investigators are deploying research-and consumer-grade monitors at public schools in the mid-Atlantic region to study the impact of renovation projects aimed at improving indoor air quality. Using before-and-after comparisons, the researchers will test if reduced indoor pollutant levels are associated with enhanced academic performance.
Encouraging findings from that kind of study have already been reported for 65 elementary schools in Texas, albeit without measured pollutants. 49 Following typical mold remediation and ventilation improvement projects, students scored higher on math and reading tests. The author concluded that such renovations "may be a more cost-effective way to improve standardized test scores than class size reductions."
This finding was consistent with Allen's calculations for the positive effect of higher ventilation rates on human productivity. As part of his group's mission to promote the design of healthy buildings around the world, they are now enrolling hundreds of office workers from at least five countries for a longitudinal study. The team is using monitors to measure air pollutants in the office buildings and wearable devices to collect each worker's health information. A newly developed smartphone app provides the participants with data summaries and reminders to complete cognitive surveys.
The interest in low-cost air quality monitors goes beyond academia. In California's Imperial County, at the U.S./Mexico border, Paul English is helping residents keep tabs on their own exposures with one of the country's largest community air monitoring networks. 50 About half the PM monitors are at public schools, linked to an online alert system that lets students shelter in place during poor air days, take different routes to school, or use inhalers. English, a senior science advisor at the California Department of Public Health, hopes this example will inspire similar projects in other communities.
This may be especially important for some of the 85,000 public schools in the United States that were recently analyzed for air pollution-related socioeconomic disparities. 51 That study found that minority children in poor neighborhoods bear the brunt of exposures, with long-term implications for their future academic and earning potential.
Koehler applauds community monitoring efforts like California's. "It is the government's job to improve air quality at the state and national level, but I think it is great that the improved technology gives people actionable information for reducing their own exposures," she says.
Allen notes that the translation of public health findings into economic impacts is important because financial considerations drive many policy decisions. "When you put together all these different fields-toxicology, exposure assessment, epidemiology and health economics-that support a negative association of air pollution with human productivity and learning," he adds, "it becomes a powerful motivation for regulatory action."
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